Mutational load is the depression in a population's mean fitness 10 that results from the continual influx of deleterious mutations. Here, we 11 directly estimate the mutational load in a population of haploid 12
Introduction

34
An evolving population experiences a continual influx of mutations, the vast 35 majority of which, excluding neutral mutations, are likely to be deleterious 36 (Fisher 1930) . A deleterious allele in a haploid population will attain an 37 equilibrium frequency that is the quotient of the mutation rate to that allele 38 and the selection coefficient against it (Danforth 1923) . The influx of 39 deleterious mutations causes a depression in the population's mean fitness 40 that is termed the mutational load (Muller 1950) , and the load at equilibrium 41 3 is equal to the deleterious mutation rate (Haldane 1937) . Because all 42 populations experience mutation, all populations experience load, and a 43 substantial proportion of the genetic variance for fitness in natural 44 populations is due to mutational load (Charlesworth 2015) . 45 Mutational load is closely connected to the evolution of mutation rates. 46
Consider an asexual population in which there is genetic variation for the 47 mutation rate: within such a population, distinct lineages with differing 48 mutation rates experience differing loads and therefore possess differing 49 mean fitnesses. In this way a downward selective pressure on the mutation 50 rate is realized. This pressure is indirect in the sense that modifiers of the 51 mutation rate are subject to selection without affecting any physiological 52 property immediately related to fitness. The existence of ancient and highly 53 conserved systems for replication fidelity (including proofreading, mismatch 54 repair, and nucleotide excision repair) attests to the persistence of this 55 selective pressure (Raynes and Sniegowski 2014) . 56
In evolving populations, lineages with higher mutation rates ("mutators") are 57 continually produced by mutation to any of numerous mutation-rate-58 affecting loci. In the absence of beneficial mutations, the expected frequency 59 of mutators within a population depends on the increase in the deleterious 60 mutation rate caused by the mutator allele, the rate of mutation from wild 61 type to mutator, and the mean selective effect of newly arising deleterious 62 mutations (Johnson 1999 Competitive fitness assays and isolation of clones 158 Yeast, when grown by batch transfer with glucose as the carbon source, 159 follow a relatively complex cycle of lag, fermentation, and respiration, and 160 fitness benefits "accrued" in one phase (e.g. respiration) may not be 161
"realized" until the next (e.g. the lag following the next transfer) (Li et al. 162 2018). Therefore we conducted short-term competitive fitness assays 163 between wild-type and mmr genotypes in which strains were mixed for one 164 growth cycle prior to measuring frequencies (essentially, following Gallet et 165 al. (2012) ). The fitness assays were conducted as follows, with the interval 166 between each consecutive day spanning 24 hours. Day 1: wild-type, mmr, and 167 the YFP+ reference strain were inoculated from frozen stock into single wells. 168
Day 2: each strain was transferred to a new well with fresh media, diluting 169 1/100. Day 3: competing strains were mixed 1:1 by volume and transferred 170 to new wells with fresh media, diluting 1/100, to create between 6 to 8 171 replicate competitions. Day 4: competitions were transferred to new wells 172 with fresh media, diluting 1/100, and the frequencies of the competitor and9 reference strain were assayed by flow cytometry (Guava EasyCyte). 174
Discrimination between strains was performed on the SSC/GRN scatter plot. 175
Day 5: the frequencies of the competitor and reference strain were again 176 assayed by flow cytometry. The population density at the end of a 24-hour 177 cycle was ~2 × 10 7 cells/mL; the census population size was thus ~4 × 10 6 178 at transfer and ~4 × 10 4 just after transfer. 179
The change in frequencies between Days 4 and 5 was used to calculate a 180 selection coefficient . Under a continuous model of growth (Crow and 181 Kimura 1970 p. 193 ) 182
from which a relative fitness = 1 + follows. The number of generations, 184
, was assumed to be log 2 100, or approximately 6.64. 0 and are the 185 starting and ending frequencies of the genotype being tested (i.e. the 186 frequencies at Days 4 and 5 in the above procedure). The resulting selection 187 coefficients represent differences in Malthusian parameter (that is, the log of 188
Wrightian fitness) scaled per generation of growth. 189
We conducted fitness competitions using this procedure in 8 separate blocks, 190 each with multiple replicates as described above. Fitness assays for sets of isolated clones were conducted on a single 96-well 209 plate, which allowed us to assay the fitnesses of 88 clones (some wells being 210 reserved for various purposes) or fewer per run. We followed essentially the 211 same procedure as the 5-day competition described above, except that 212 frequencies were estimated at Day 3 and Day 4 instead of Day 4 and Day 5. 213
This modification was made because some clones had such reduced fitnesses 214 that an extra day of growth after mixing 1:1 with the reference strain caused 215 the starting frequency of the clone to depart too greatly from 50%. 216
11
The expected variance in measured fitness due to random sampling effects 217 during flow cytometry was computed by means of a simple simulation in 218 which the true frequency of each genotype at the start and end of the fitness 219 competition was replaced by a random binomial variable. 10,000 replicates 220 of this simulation were run. 221
Calculation of nonlethal load
222
Mutational load is classically defined (Bürger 1998) as 223
where is the mean fitness of the population and is the fitness of the 225 fittest genotype. 226
We measured all fitnesses relative to a common fluorescent strain, as 227 described above. We define the unloaded fitness of each genotype as equal to 228 1 and we expect no beneficial mutations to rise to appreciable frequency in 229 the short course of these experiments. Hence, = 1 and thus 230
We expect measured selection coefficients to be distributed approximately 232 normally around the true value, because of various sources of error including 233 binomial sampling error, drift, instrument noise, environmental 234 perturbations to individual wells (within-batch effects) and among 96-well 235 plates (across-batch effects). To eliminate across-batch effects, for each run12 we adjusted all measured fitnesses by a constant such that the mode fitness 237 is 1 (equivalently, such that the mode selection coefficient is zero). Once this 238 adjustment has been made, 239
where is the vector of all sampled clone fitnesses, or equivalently 241
where is the vector of all sampled clone selection coefficients. A 95% 243 confidence interval for the nonlethal load was computed by bootstrapping 244 from the measured fitnesses of all sampled clones: for 10,000 replicates, 245 fitnesses were sampled randomly with replacement and the mean computed; 246 from this empirical distribution, the 0.025 and 0.975 quantiles formed the 247 bounds of the confidence interval. 248
Lethal event assay
249
Strains were inoculated from frozen stock into 6 mL SD in a flask, and 250 transferred to fresh media after 24 hours, diluting 1/100. After an overnight 251 of growth, a streak from the culture was made onto an SD agar plate and five 252 single cells with nascent buds were physically isolated by means of a Zeiss 253 (West Germany) micromanipulating microscope fitted with a Singer 254 Instruments (Somerset, UK) dissecting needle. These cells were periodically 255 checked over the next few hours and the daughters physically separated once 256 developed. These daughters became the founders of microcolonies that were 257 13 allowed to grow at room temperature for ~20 hours, reaching an average 258 size of 23.3 cells (22.8 for the wild type, 23.8 for mmr, difference not 259 significant at > 0.6). These microcolonies were then dissected into a 260 gridlike arrangement of single cells (step 1 in Fig. 1) . These cells were then 261 checked at intervals of one to two hours and daughters separated as soon as 262 possible (step 2 in Fig. 1 ). The colonies resulting from these 263 mother/daughter duos were checked at ~24, ~48, and in some cases ~72 264 and ~96 hours after separation. A lethal event was recorded when the 265 growth of a mother or daughter lineage ceased. In such cases cessation of 266 growth was sometimes immediate and sometimes occurred after a few 267 generations. In the latter cases the growth was generally markedly slowed by 268 the first observation. In a few cases, slow but unceasing growth was noted: 269 these are presumed to be cases in which a strongly deleterious mutation 270 occurred, though we stress that this assay was not designed to detect 271 nonlethal deleterious mutations. 272
As described in the Discussion, the difference in the rate of lethal events 273 between the wild type and mmr strains was used as the estimate for the 274 lethal mutation rate for the mmr strain. A 95% confidence interval for this 275 difference in rates was computed by the prop.test function in R (Newcombe 276 1998). 277
Fluctuation assays
278
To measure the mutation rate to 5-fluoroorotic acid (5-FOA) resistance, we 279 employed the following procedure. Strains of interest were inoculated into 280 10 mL YPD, grown in flasks with shaking at 30 C for ~24 hours, and then 281 transferred to 30 mL fresh YPD diluting such that ~200 cells were passaged, 282 in replicates of 5. After ~48 hours of growth, each replicate was plated 283 without dilution to SD + 5-FOA (1 g/L) agar plates to estimate density and 284 absolute number of resistants, and plated with a 10 −5 dilution to YPD agar 285 plates to estimate total population density and absolute number. Plates were 286 counted after ~48 hours of growth and mutation rates were estimated using 287 the maximum likelihood method of Gerrish (2008) . For each round of 288 fluctuation tests, we estimated mutation rates for both wild-type and mmr 289 strains simultaneously in order to minimize the influence of any uncontrolled 290 sources of variation. 291
Homopolymers per gene
292
The per-base rate of homopolymeric runs of various lengths in S. cerevisiae 293 coding regions were computed by a custom Python script. The S. cerevisiae 294 S288C reference genome was downloaded from www.yeastgenome.org. 295
Results
296
Mutation rate elevation in mmr strain
297
To confirm that the mmr ( ℎ2 ) strain is a mutator, we conducted 298 fluctuation tests using resistance to 5-FOA as the selectable phenotype. 299
Averaged across replicate fluctuation tests, we found a 20.8-fold increase 300 (95% CI: 13.4-to 28.3-fold) in the mutation rate for the mmr strain relative 301 to the wild-type (Fig. S1 ). This is likely an underestimate of the effective 302 genome-wide increase in the mutation rate because mmr mutators have a 303 greatly elevated indel rate for homopolymeric runs (Lang et al. 2013 ), of 304 which URA3, the main locus involved in this fluctuation test, is relatively 305 devoid (Fig. S4) . 306
Fitness disadvantage of mmr compared to wild-type 307 We competed mmr and wild-type strains against a common YFP+ reference 308 strain. Averaged across 8 separate blocks of fitness competitions, we found 309 the mutator to be less fit than the wild-type, with an average fitness deficit, 310 expressed as a selection coefficient per generation, of ~2.25% (95% CI: 311 1.98% to 2.53%) (Fig. 2) . 312 
Estimation of nonlethal load
Estimation of lethal mutation rate
326
To assay lethal mutation rates, we manipulated single S. cerevisiae cells, 327 separating mother/daughter duos and tracking events in which one member 328 of the duo failed to found a colony. The procedure is shown in Fig. 1 and 329 explicated more fully in the methods. Assaying over 2200 duos for each 330 strain, we found a rate of lethal events per newly replicated genome of 0.31% 331 (95% CI: 0.018% to 0.055%) in the wild-type strain and 0.76% (95% CI: 332 0.53% to 1.07%) in the mmr strain (Table 1) . The difference between these 333 rates is 0.0044 (95% CI: 0.0012 to 0.0077). Because the observed rate of 334 lethal events in the wild type is much higher than the expected lethal 335 mutation rate, we take this difference as our estimate of the lethal mutation 336 rate in the mmr strain (see the Discussion for elaboration on this point). 337
Photographs of representative lethal events are shown in Fig. S3 . 338
In our assay we followed separated duos that contained a suspected lethal 339 until growth ceased. In some cases growth never ceased, but doubling times 340 were very slow compared to the usual growth rate; such cases were not 341 counted as lethal events but are tallied separately in Table 1 . We also 342 detected cases in which both members of a duo were lethal, or both showed 343 strongly reduced growth, and also cases in which the mother cell never 344 divided. Because such events probably stemmed from a mutation that 345 occurred prior to the division that created the duo under observation, we 346 excluded these events from our analysis. 347
Results in diploids 348
From the haploid strains, we constructed diploid mmr and wild-type strains. 349
We calculate the nonlethal load in the mmr diploid strain as ~0 for the wild-350 type diploid strain and 0.30% (95% CI: -0.02% to 0.55%) (Fig S2) for the 351 mmr strain-substantially less, by about 80%, than the equivalent load in the 352 in mmr haploid strain (difference significant at < 10 −4 ). The diploid wild-353 type and mmr distributions differ significantly in shape (Kolmogorov-354 Smirnov test; < 10 −4 ) but do not differ significantly in mean ( > 0.05). 355
We also measured the difference in population fitness between wild-type and 356 mmr diploid strains via short-term competitive fitness assays. We found that 357 the mmr diploid is less fit than the wild-type diploid by a selection coefficient 358 of ~1.69% (95% CI: 1.40% to 1.94%) (Fig. 4) . This difference, though larger 359 than expected, is smaller than the fitness difference between wild-type and 360 mmr haploid strains by 25% (haploid-to-diploid difference significant at < 361 0.004). 362
Discussion
363
Prior work has shown that, over the short term, haploid mmr S. cerevisiae 364 strains decline in frequency when competed with a strain that is wild-type 365 The deleterious mutations that cause load include both lethal and non-lethal 374 mutations. There is no fundamental theoretical distinction between these 375 two classes of mutation insofar as their contribution to load is concerned: in 376 many population genetic models, all members of an asexual population who 377
are not of the least-loaded class are considered to be doomed (Rice 2002 (Fig. 3A) suggest that, apart from one less-fit clone, the 385 distribution of fitness for the wild-type strain is essentially normal. The 386 normality of the distribution is consistent with nearly all wild-type clones 387 having the same genotype and thus the same expected fitness, along with 388 many small sources of error in estimation of fitness. One such source of error 389 is drift over the course of the short-term fitness competition. The formula 390 derived by Gallet et al. (2012) suggests that the expected variance in fitness 391 measurement due to drift given our experimental parameters is ~2 × 10 −6 . A 392 larger source of variance is due to sampling error: in the fitness 393 competitions, we estimate the relative frequencies of the competitors at two 394 time points, sampling ~8000 cells per time point. We carried out simulations 395 that suggest that the expected variance due to sampling error is ~2.3 × 10 −5 . 396
These two sources of variance, summed, make up about 20% of the observed 397 variance in selection coefficient. The remainder of the variance probably 398 stems from small-scale environmental variation and other unknown sources 399 of error. 400
In contrast to the results in wild types, the fitness histogram and QQ plot for 401 the haploid mmr strain (Fig. 3B) are not reflective of a normal distribution. 402
Instead, a prominent left tail of less fit clones demonstrates the effect of 403 mutational load. The mean selection coefficient is ~-1.7%, which is the 404 quantification of the reduction in population mean fitness due to nonlethal 405 load. This reduction accounts for a substantial portion (~75%) of the 406 measured competitive fitness difference (Fig. 2) between the two strains. 407
Our estimate of the nonlethal load (~1.7%) reflects the average per-408 generation growth deficit of the mutator subpopulation due to the 409 accumulation of deleterious mutations up to the point of random sampling of 410 clones. We note that this is an estimate of the load at a nonequilibrium state, 411
and is expected to be less than the full load achieved when mutation-412 selection balance is reached for all loci. Direct observation of mutation-413 selection equilibrium in a laboratory setting would be challenging because 414 experimental populations rapidly generate adaptive mutations. Our strain-415 to-strain fitness assays, which found (Fig. 2) design ensured that colonies were young (the oldest cell in a microcolony 460 was on average ~4.3 generations old) and we did not observe a bias in lethal 461 events towards mothers (Table S1 ), so we do not attribute the observed 462 lethal events to senescence. In fact, we observed, across both strains, a bias 463 towards the lethal event occurring in the daughter cell. This difference was 464 not statistically significant ( = 0.14), although within the mmr strain only 465
we observed 10 lethal events in mothers and 23 in daughters ( = 0.04). The 466 observed bias towards daughters dying, if not a sampling effect, could be 467 23 attributable to smaller daughter cells being relatively more vulnerable to 468 stress. Indeed, increased vulnerability of daughters to environmental sources 469 of stress has been previously reported (Knorre et al. 2010) . 470
An a priori estimation of the wild-type lethal mutation rate can be made as 471 follows. Lang and Murray (2008) suggest that we expected to observe about 0.3 lethal mutations in the wild-482 type strain in our experiment; we actually observed 14. Therefore, we 483 consider the observed rate of lethal events in the wild-type to be an estimate 484 of the rate of non-mutational deaths. The corresponding rate for the mmr 485 strain is 0.0076 (difference significant at < 0.001). Making the assumption 486 that non-mutational deaths equally affect both strains, we take the difference 487 between the wild-type and mmr lethal event rates, 0.0044 (95% CI: 0.0012 to 488 0.0077), as the estimate of the lethal mutation rate in the mmr strain. We 489 note that our empirical result is fairly close to the figure obtained by 490 24 multiplying the wild-type a priori estimate, 1.5 × 10 −5 , by the average fold 491 increase in CAN1 loss-of-function mutation rate for mmr strains in a 492 collection of published reports (44-fold; see Table S4 ). A slightly different 493 methodology, taking the average CAN1 loss-of-function rate of mmr strains 494 from published reports (1.5 × 10 −5 ; Table S4 ) and multiplying by 1100 495 essential genes yields a somewhat higher expected lethal mutation rate of 496 ~0.015. 497
In many of the lethal events that we observed, growth did not immediately 498 cease but continued for a few generations (Table S2 ) before halting. Limited 499 growth for a few generations after an ultimately lethal mutation occurs has 500 previously been observed (Mortimer 1955 ). We also observed morphological 501 defects in several lethal events; one such instance is shown in the bottom 502 panel of Fig. S3 . We note that some lethal mutations that we observed could 503 be due to chromosomal losses during mitosis (aneuploidies), but that 504 knocking out MSH2 has not been observed to greatly increase the rate of such 505 events in haploids (Serero et al. 2014) . 506
Diploid findings
507
We measured the short-term competitive fitnesses of 573 randomly selected 508 diploid clones. The distribution of fitness for mmr diploids (Fig. S2) suggests 509 that they are substantially less loaded than mmr haploids, as would be 510 expected if dominance attenuates the deleterious effects of new mutations. 511
We calculate the nonlethal load in mmr diploids as ~0.3%, as opposed to 512 25 ~1.7% in mmr haploids: that is, ~80% of the load has gone away following 513 diploidization. One interpretation of this finding is that deleterious mutations 514 tend to be recessive in diploids. Thus, comparison of the fitness distributions 515 of mmr diploids and mmr haploids is consistent with a high mutuation rate 516 and diploidy shielding the effects of deleterious mutations. 517
The sampled wild-type diploid clones included more low-fitness individuals 518 than the wild-type haploids (compare Fig. S2A to Fig. 3A) . We cannot fully 519 explain this observation; one possible explanation is that diploids are more 520 prone than haploids to nondisjuctions causing aneuploid chromosomes, a 521 notion for which there is some experimental support (Sharp et al. 2018) . 522
The relative difference in short-term competitive fitness between wild-type 523 and mmr strains is narrowed by 26% in diploids (Fig. 4) . It is somewhat 524 surprising, given that the nonlethal loads are not very different between 525 wild-type and mmr diploids, that this figure is not larger. One possibility is 526 that the diploid mutator fixed a deleterious mutation during the process of 527 diploidization, which would account for the discrepancy between the 528 reduction in nonlethal load (82%) and the reduction in total fitness 529 difference (26%) in diploids compared to haploids. Another formal 530 possibility is that diploid mutators have a higher lethal mutation rate than 531 haploid mutators, but we cannot posit a causative mechanism for such an 532 effect. 533
26
Considering the two loads together
534
The total fitness difference between the haploid wild-type and mmr strains 535 could be a consequence of greater mutational load for the mmr strain, a 536 direct effect of the ℎ2 deletion, or a combination of the two. The addition 537 of the lethal and nonlethal loads (0.0166 + 0.0044 = 0.0210) is approximately 538 7% smaller than the measured fitness difference (0.0225), and the difference 539 is not significant (Fig. S5) . The difference may simply be due to sampling 540 error, or due to underestimation of one or the other of the loads. The 541 nonlethal load may be slightly underestimated because clones were isolated 542 by plating at the beginning of the growth cycle during which competitive 543 fitness was measured. The load may have continued to increase somewhat 544 during this growth cycle. 545
The broad equivalence of the sum of the loads, on the one hand, and the 546 strain-to-strain competitive fitness, on the other, is consistent with the 547 hypothesis that the total fitness difference is solely due to mutational load. 548
Hence, although we cannot rule out the existence of a small direct fitness 549 effect, these findings suggest that there is no need to invoke direct effects in 550 explaining the fitness difference between the mmr and wild-type haploid 551 strains. 552
The proportion of deleterious mutations that are lethal may also be inflated 553
by an underestimation of the total deleterious mutation rate. The load is 554 equal to the deleterious mutation rate only when the population is in 555 27 mutation-selection balance. This equilibrium is reached instantly for lethal 556 mutations, quickly for deleterious mutations of large effect, and very slowly 557 for deleterious mutations of slight effect (Johnson 1999) . The mmr 558 populations in our assays experienced, including the initial process of 559 transformation and growth before frozen storage, about 60 generations of 560 growth, which is enough time to achieve mutation-selection balance for 561 deleterious mutations of relatively large effect, but not for deleterious 562 mutations of slight effect. Hence, our estimate of the total load (2.1-2.3%) 563
should be considered an estimate of the lower limit for the deleterious 564 mutation rate for mmr haploids. 565 deleterious mutation rate, then even if the relative fold increase in the 587 deleterious mutation rate caused by the lack of mismatch repair is also equal 588 in both organisms, the absolute difference in load, which is what controls the 589 evolutionary dynamics, will be larger in S. cerevisiae than in E. coli. Another 590 possible factor is differences in the spectrum and genomic substrate of 591 mutations. In both E. coli and S. cerevisiae, the indel rate is greatly increased 592 in mmr lineages, and the rate of indels is strongly elevated in homopolymeric 593 repeats (HPRs). Both the relative increase from wild-type to mmr and the 594 absolute indel rate in mmr are higher, and scale upwards faster with HPR 595 length, in S. cerevisiae than in E. coli (Schaaper and 622 We have found that the indirect fitness effects of strong modifiers for 623 mutation rates are substantial in haploid S. cerevisiae, and that it is not 624 necessary to postulate direct fitness effects in order to explain the selective 625 disadvantage of the lack of a functional mismatch repair pathway. This 626 finding is probably most relevant to experimental inquiries of the dynamics 627 of mutation rate evolution in which S. cerevisiae is the model organism. 628
Comparison to results in bacteria
We have also reported findings relevant to fundamental questions about 629 mutational dynamics, including the lethal mutation rate and the relative ratio 630 of lethal and nonlethal deleterious mutations. By sampling the fitnesses of 631 many individuals we have clearly demonstrated mutational load in an mmr 632 population, and from the load we are able to estimate a lower limit for the 633 deleterious mutation rate. We sampled hundreds of clones and were able to 634 obtain a clear picture of the left tail of the fitness distribution for the mmr 635 strain, but not for the wild-type strain. If the fitnesses of tens of thousands of 636 clones could be measured, much could be learned about load and other 637 evolutionary dynamics at wild-type mutation rates; such experiments may 638 become possible as methods for high-throughput measurements continue to 639 advance. 640
A limitation of this study is that we captured a snapshot of mutational load at 641 a particular point in time in an evolving population. It would be interesting to 642 observe, at a fine scale, how the distribution of fitnesses changes over time as 643 a population approaches mutation-selection balance, adapts, and experiences 644 other population genetic processes. 645 to the wild type, decreased by 26% from haploid to diploid strains ( < 900 0.004). 901
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